Background: Robotic complex abdominal wall reconstruction (r-AWR) using transversus abdominis release (TAR) is associated with decreased wound complications, morbidity, and length of stay compared with open repair. This report describes a single-institution experience of r-AWR.
INTRODUCTION
Abdominal hernia repair has been reported as the most common surgical procedure, of which 30% are ventral hernia repairs, 1 with Ͼ300,000 performed annually. 2 Ventral hernias include incisional, epigastric, umbilical, parastomal, and Spigelian hernias, and the modalities for repair are open, laparoscopic, or robot-assisted approaches. Before 1993, all ventral hernia repairs were performed as open procedures. 3 Open posterior component separation with transverses abdominis muscle release (TAR), a modification of the Rives-Stoppa technique, was first reported in 2012 and offers a solution for complex ventral hernias. 4 Morbidities associated with the open approach were shown to be significantly lowered with the advent of the laparoscopic approach. [5] [6] [7] Subsequently, the dexterityrelated challenges encountered with laparoscopic ventral hernia repair during complex abdominal wall reconstruction (AWR) were addressed by the improved range of robotic instruments, which in turn led to the increasing attractiveness of robotic abdominal wall reconstruction (r-AWR). 8 A recent study demonstrated that minimally invasive AWR had a significantly decreased length of stay compared with open AWR. 9 In addition, robotic retromuscular ventral hernia repair was shown to be associated with decreased length of stay (LOS) compared with open repair 10 and robotic TAR was associated with decreased wound complication rates, morbidity, and LOS compared with open repair. 10 -12 This report describes the early ex-perience and short-term outcomes of robotic TAR and r-AWR for repair of complex ventral hernias performed by a single surgeon.
METHODS
An institutional review board-approved retrospective chart review was performed on all patients who underwent r-AWR for abdominal wall defects from August 2015 through October 2018 by a single surgeon (D.H.) at a tertiary-care institution. Patient characteristics, operative details, and outcomes were assessed. Patient characteristics included gender, age, body mass index (BMI), smoking history, comorbidities, hernia grade, and abdominal surgical history. Operative details included operative time, American Society of Anesthesiologists classification, defect size, procedure performed, occurrence of concomitant inguinal hernia repair, mesh use, and estimated blood loss (EBL). Outcomes included LOS, 30-day mortality, 30-day readmissions, 30-day reoperations, conversions to open surgery, seroma occurrence, hernia recurrence, and operative times.
The decision of whether to use TAR in addition to the retrorectus technique was based on the following factors: defect size, presence or absence of associated diastasis, multiplicity of defects, abdominal wall compliance, defect location (i.e., lateral wall vs midline), and degree of fibrosis and contracture of the rectus muscles. In general, midline defects Ͻ8 cm in width, without rectus musculature contracture or narrowing, were repaired solely with the retrorectus approach. Defects Ͼ8 cm, located on the lateral wall, accompanied by a wide diastasis (Ͼ8 cm), with multiple orifices, or defects associated with narrowed, thickened, and fibrotic rectus muscles required release beyond the semilunaris (i.e., TAR).
Robotic retromuscular complex abdominal wall repair was performed by using the technique depicted in Figure  1 . Three ports were placed in the abdomen lateral to the anterior axillary line and the robot was docked. An assist port was used on the contralateral side. An incision was made in the ipsilateral posterior sheath, and a wide posterior flap composed of ipsilateral posterior sheath, hernia sac, and contralateral posterior sheath was developed across the midline. The rectus muscles were medialized and reapproximated by using a running, unidirectional barbed suture. A mesh device was selected and placed to fit the dimensions of the retromuscular space. The initial incision in the posterior sheath was closed with an absorbable suture, thereby excluding the mesh from the peritoneal cavity and completing the repair.
Robotic abdominal wall reconstruction with TAR was performed using a double-dock technique as described by Carbonell 13 and Ballecer and Parra-Davila. 14 Figure 2 depicts the key steps of the procedure. Three ports were placed lateral to the anterior axillary line and the robot was docked. After reduction of the contents of the hernia sac, dissection began on the medial aspect of the contralateral posterior sheath and continued laterally with TAR, developing a wide flap composed of posterior sheath, divided transversalis, and peritoneum. A rolled mesh was then positioned above the flap and secured to the transversalis using interrupted 2-0 absorbable, braided, synthetic sutures. Three ports were then placed on the contralateral abdomen lateral to the anterior axillary line. The robot was then redocked over the contralateral side, and a mirror image dissection was performed. The posterior sheath was then reapproximated and the mesh was unfurled. The repair was completed using a running, unidirectional barbed suture to bring together the edges of the fascia in the midline.
Patients were scheduled for outpatient follow-up visits with the operating surgeon at the following time points: 1 to 2 weeks, 6 weeks, 3 months, 6 months, and yearly. Additional visits were scheduled as needed and patients were encouraged to call or return for any questions or concerns. Hernia recurrence was assessed by history and physical examination.
RESULTS
Complex r-AWR was successfully performed in 55 patients. Patient demographics are shown in Table 1 . Of note, a majority (72.7%) of the patients were obese (BMI Ͼ30 kg/ m 2 ) with a positive smoking history (51%) and multiple comorbidities (98%). Hernias were classified according to the Ventral Hernia Working Group grading system, 15 and 90% of patients were classified as hernia grade 2 or 3. All 55 operations were CDC class I (clean) with defect sizes ranging from 3 to 15 cm in width. Table 2 demonstrates the operative details of the 55 cases. Mean operative times were notably longer with TAR versus without TAR (294 vs 183 minutes), which is not unexpected. Of note, hernia defects repaired with unilateral TAR ranged from 4.5 to 8 cm in width, while hernia defects repaired with bilateral TAR ranged from 6 to 15 cm in width. Figure 3A -C shows the operative times of the cases with and without TAR. Outcomes are shown in Table 3 , with no hernia recurrences noted. Seromas occurred in 6 patients, with 2 requiring drainage. Two 30-day readmissions occurred -1 after inadvertent drain displacement and 1 for operative drainage of an infected seroma.
A focused cost analysis was performed of robotic TAR compared with open TAR 11 ( Figure 4 ). We were unable to obtain cost data from our institution. Costs associated with LOS, 16 complications, 17 surgical site infections (SSIs), 18 readmissions, 19 and operating room (OR) time 20 were obtained from the literature. These same metrics were applied to both robotic TAR and open TAR and used to calculate overall differences. Compared with open TAR, the robotic TARs performed in this study (n ϭ 34) demonstrated an estimated cost savings of $5,770 per procedure and an estimated total savings of $196,180. Figure 4 , the readmission rate for robotic TAR was found to be higher than that of open TAR. This was due to 2 readmissions among a small subset of patients.
Of note in
One readmitted patient was an obese female with a large hernia sac who underwent operation early in our experience. Due to the size of the hernia sac, a subcutaneous drain was placed. However, the drain was inadvertently displaced after discharge, and the patient subsequently developed a large, symptomatic seroma and cellulitis that was managed with interventional radiology (IR) drainage and antibiotic therapy, respectively. The second readmission was an obese female with multiple prior abdominal surgeries and wound infections after each procedure. She returned to the hospital on postoperative day (POD) 13 with an infected seroma of the native hernia sac and underwent IR drainage followed by operative wound debridement on POD 15 with placement of a wound vac. Her wound was noted to be healed at the 2-month follow-up visit. Neither patient developed a mesh infection.
DISCUSSION
Complex AWR has evolved significantly during the past several decades. For medium-sized abdominal wall defects, the Rives Stoppa retromuscular repair was considered the standard. 21 Difficulty and controversy arose regarding the best method to extend the dissection beyond the semilunaris in order to repair larger defects. One method, the anterior abdominal component separation technique, was first described by Ramirez et al in 1990 . 22 This technique added incision of the external oblique and separation from the internal oblique in addition to the Rives dissection, which separated the rectus muscle and anterior sheath from the posterior sheath. The resultant compound flap (composed of rectus muscle, anterior sheath, internal oblique, and transversus abdominis muscle) was then advanced medially to close defects ranging in size from 4 ϫ 4 to 18 ϫ 35 cm. The component separation procedure proved quite effective and reproducible; yet, it had the disadvantage of creating large flaps of skin and subcutaneous tissue. Wound complications, such as skin necrosis, were reported to be as high as 41%. 23 Repair methods such as the perforatorsparing techniques introduced by Saulis and Dumanian resulted in decreased rates of tissue ischemia. 24 In addi- tion, endoscopic approaches to external oblique incision were introduced with the intent to decrease the incidence of soft tissue infections. 25, 26 With the increasing methods and modalities available for ventral hernia repair, a growing interest developed in posterior dissection beyond the semilunaris. Unfortunately, early techniques of extending the dissection between the oblique muscles denervated the rectus abdominis by dividing the neuromuscular bundle. In 2012, Yuri Novitsky published a landmark article describing posterior component separation beyond the semilunaris with TAR. 4 The TAR technique obviated the need for the creation of large skin flaps and enabled placement of a large, extraperitoneal, retromuscular mesh. Furthermore, innervation to the rectus muscles was preserved during the dissection. The complexity of the dissection and the difficulty of suturing under tension made the development of a laparoscopic approach formidable. For many years, the only minimallyinvasive approach to medium-sized abdominal wall defects was laparoscopic intraperitoneal onlay mesh (IPOM). 27 The IPOM technique fails to close the native hernia orifice, can lead to ballooning of the mesh through the hernia defect, and requires placement of an intraperitoneal prosthesis, which can lead to adhesion formation and mesh fistulization. Larger abdominal wall defects were best approached with an open repair and component separation. However, the advent of the robotic platform facilitated the feasibility of the minimally invasive TAR technique. In 2015, Carbonell performed the first live-broadcast robotic TAR at the Global Symposium on Robotic-assisted and Minimally Invasive Hernia Repair in New York City, catapulting the birth of robotic abdominal wall reconstruction. 28 The r-AWR has marked benefits compared with both open techniques and laparoscopic IPOM. First and foremost, the native abdominal anatomy is restored by obliteration of the hernia defect, medialization of the rectus muscles, and repair of associated diastasis, if present. Second, the repair is buttressed by a retromuscular mesh. In theory, a retromuscular placement is advantageous because force generated during abdominal wall contraction is transmitted inwardly onto the mesh, versus the same force pushing an overlay mesh outward. Inward force should result in decreased hernia recurrence rates. In contrast, an IPOM repair, which lacks defect closure, is effectively a hybrid of an underlay and interposition mesh. The outward force against the interposition portion of the mesh bridging the defect is responsible for the mesh ballooning through the hernia orifice and hernia recurrences associated with IPOM repairs. Figure 5 shows the computed tomography (CT) of a patient with a recurrent incisional hernia that was previously repaired using the laparoscopic IPOM technique.
Another advantage of r-AWR is the placement of mesh outside of the peritoneal cavity. The extraperitoneal position eliminates the potential for mesh adhesions and mesh fistula to intra-abdominal contents. The minimally invasive approach also obviates the need for the large tissue flaps created during open repair, thereby decreasing the risk of wound complications, such as seroma formation and mesh infection. Decreased soft tissue disruption also obviates the need for drains. Patients, particularly those with obesity, often require drains to remain in place for up to 6 weeks postoperatively with the open technique. In this single-surgeon experience, the routine use of drains during r-AWR was replaced with selective use after the first few cases with no subsequent change in the incidence of seroma. In an effort to decrease seroma formation, bites of the hernia sac are incorporated into the closure of the abdominal wall defects while suturing. In rare cases in which a massive hernia sac cannot be sufficiently obliterated during closure of the abdominal wall, a drain is placed into the hernia sac.
In addition to midline defects, r-AWR was found to be useful for the repair of complex lateral abdominal wall defects. In this series, a single-dock technique with unilateral TAR dis- section was used to successfully repair 6 lateral abdominal wall defects. Figure 6 illustrates the preoperative CT of a patient with a lateral wall defect repaired with a unilateral TAR approach. Furthermore, caudal dissection of the preperitoneal flap to the level of the symphysis pubis and Cooper's ligament offered excellent exposure to the myopectinate orifice. This exposure facilitated the concomitant repair of ten incidental inguinal hernias at the time of r-AWR in this series. Notably in this study, 98.2% of patients had Ն1 comorbidity and 72.7% had BMI values Ն30 kg/m 2 . The decreased morbidity associated with the robotic approach may be beneficial for patients with an increased surgical risk due to comorbidities such as obesity and diabetes. Also, r-AWR may be performed in patients with obesity who are unable to undergo weight loss procedures before hernia repair.
The data presented here reflect the first 55 cases of r-AWR performed by a single surgeon. With inguinal repair, laparoscopic minimally-invasive techniques have a steep learning curve, which has been an impedance to widespread adoption of these techniques. While the robotic platform has facilitated the adoption of other minimally invasive surgeries, r-AWR should be adopted with caution. The learning curve of r-AWR is unique in that there is no true laparoscopic equivalent. Although the technique is novel and exciting, there is potential for significant injury and denervation of the abdominal wall. Resulting hernias and deformities from such injuries can be difficult to repair and leave the surgeon with limited options. We suggest a reserved, honest, and thoughtful application of these techniques. For defects Ͻ5 to 6 cm, robotic transabdominal preperitoneal repair should be considered first as allowed by the integrity of the peritoneum and the compliance of the abdominal wall. Patients with larger defects (Ͼ15 cm), associated stomas or fistulas, or poor skin integrity or those desiring scar revision are best served with open surgery.
A thorough understanding of abdominal wall anatomy is a prerequisite to r-AWR. Extensive experience with advanced laparoscopic techniques is suggested and experience with open abdominal wall reconstruction, including all facets of abdominal wall component separation is imperative. The learning curve is further facilitated by direct observation of a surgeon experienced with these techniques, as there are many nuances to be imparted that will improve efficiency. Proctoring of the first few cases is also suggested. Surprisingly, the surgeon in this series found the first few retrorectus repairs more technically challenging than TAR as the working space is more confined and final closure of the posterior sheath may be difficult due to proximity of the camera. To this regard, the author's perception may be partially skewed as most of the surgeries in this series were performed on the da Vinci Si platform (Intuitive Surgical ® , Sunnyvale, CA). The Xi platform is preferable to Si and should be used whenever available as the robotic arms have a longer reach and are more facile, trocars can be spaced closer together when lack of torso length becomes an issue, and switching the camera from 30°up to 30°down is simplified. Of note, operative times were found to increase minimally for retrorectus repair and unilateral TAR as the surgeon moved through the learning curve in this series, while operative times for bilateral TAR slightly decreased. Within 5 to 10 cases, the dissection of tissue planes began to occur with proficiency, efficiency, and confidence. Although ideal trocar positioning will vary with body habitus and defect location, positioning of trocars also improved within the first 5 to 10 cases, thereby minimizing both internal and external collisions. Patients with short torsos, higher BMI, complex recurrent hernias with prior intra-abdominal mesh in place, or a CT demonstrating retracted, narrow rectus muscles can be technically challenging early in the learning curve. Patients with longer torsos, lower BMI, wide, flat rectus muscles, and native ventral or incisional defects allow for easier dissection and more leeway in port placement. Such cases are ideal for one operating early within the learning curve. The increase in operative time as the series progressed is likely due to the fact that more complex cases were performed later in the series, sometimes requiring lengthy adhesiolysis or explantation of mesh.
Although r-AWR operative times are longer compared with open techniques, the increased costs may be offset by both the decreased LOS, SSIs, and complication rates associated with the robotic approach, as shown in Figure  4 . Moreover, as surgeons move beyond the learning curve, operative times are expected to decrease. The cost analysis performed in this study was limited to focus on the 5 categories depicted in Figure 4 and may not fully account for additional hospital or OR costs. Additionally, the cost data in our study were obtained from literature review and limited to TAR alone, as we were not able to obtain actual cost data at our institution. Future studies with an emphasis on extensive review and comparison of varying techniques' cost effectiveness can further delineate the true monetary differences. Compared with laparoscopic IPOM, the robotic platform also allows for mesh fixation with sutures, eliminating the need for costly hernia tackers. Because mesh is not placed in the peritoneal cavity during r-AWR, noncomposite meshes with adhe- sion barriers that are usually placed during laparoscopic IPOM and are more expensive can be avoided, adding to the overall cost benefit of r-AWR. Limitations of this study include the small sample size and limited follow-up time.
Future, larger studies comparing open and robotic approaches within our institution would provide further insight into the differences in both short-term and long-term outcomes, recurrence, and cost.
CONCLUSION
r-AWR with and without TAR is a safe and feasible procedure even within the learning curve experience of the surgeon. It is associated with a short LOS, low complication rate, and low recurrence rate, all of which translate into r-AWR as a more economical approach compared with open repair. Less tissue disruption associated with robotic repair may lead to decreased seroma formation, even without the use of surgical drains. The decreased morbidity associated with r-AWR is particularly beneficial to those patients with a BMI-dependent surgical risk who are unable to undergo a weight loss procedure before hernia repair, as well as patients with an increased risk of postoperative wound complications, such as those with a history of smoking or diabetes. The adoption of this complex procedure presents unique challenges to the learner. Application of mentorship and proctorship programs, ex- perience with open component separation, proficiency with advance laparoscopic skills, and expertise in abdominal wall anatomy will assist the surgeon in ascending the learning curve. The operative times and complication rates are expected to decrease as surgeons move beyond their learning curve.
